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ABSTRACT 
The purpose of t h i s  study i s  to  i n v e s t i g a t e  t h e o r e t i c a l l y  and 
experimentally the  condensation coef f ic ien t  and o the r  t ranspor t  coef f i -  
c i e n t s  appearing i n  l i n e a r  i r r eve r s ib l e  thermodynamics rate equations 
of a phase change. 
derived by Bornhorst(8) as a r e su l t  of  an improved ana lys i s  f o r  t he  
The i r r eve r s ib l e  thermodynamics equat ions were 
process of phase change, compared to  the  k i n e t i c  ana lys i s  of Schrage ( 6 )  
Schrage had der ived an equation for t h e  rate of phase change which 
assumed maxwellian ve loc i ty  d i s t r ibu t ion  f o r  t h e  incoming vapor mole- 
cu le s  s t r i k i n g  the  surface.  The i r r e v e r s i b l e  ana lys i s  d id  not  assume 
any ve loc i ty  d i s t r i b u t i o n  f o r  vapor molecules but  d id  s a t i s f y  the  f i r s t  
and second l a w s  of thermodynamics, which were not  s a t i s f i e d  by the  
Schrage ana lys i s .  
Adt") measured t h e  values of "a" and "K," t he  t ranspor t  coef f i -  
c i e n t s  appearing i n  the  i r r eve r s ib l e  thermodynamics rate equation of 
a phase change, by performing a steady s ta te  evaporation of mercury. 
As a r e s u l t  of h i s  experiments, the value of %" was found to be  higher  
than t h a t  reported i n  the  previous experiments (mainly condensation 
experiments) over  t he  pressure range considered. 
The s teady s ta te  evaporation experiment has  been performed f o r  
higher  pressures  ( 0,017 atm), and the  average value of rra" has been 
found t o  be 0.79, which is again higher than the  values  reported i n  
previous experiments, 
i 
There is ,  however, a very mild s lope  i n  the  'b" 
. 
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versus pressure  curve, which ind ica tes  the  p o s s i b i l i t y  of lla" decreas- 
ing  a t  higher  pressures,  though the decrease i n  value may no t  be  as 
high as reported b y  o the r  inves t iga tors .  
A k i n e t i c  theory model h a s  been developed t o  s tudy the  condensa- 
t i o n  process and the  behaviour of condensation c o e f f i c i e n t  ''a'' a t  
higher  values of pressure thereby showing t h a t  i t  is poss ib l e  f o r  the  
condensation c o e f f i c i e n t  t o  be l e s s  than uni ty .  
The average value of o the r  t ranspor t  c o e f f i c i e n t  "K" has been 
found t o  be 0.36 compared t o  0.28 reported i n  the  previous ;teady s t a t e  
evaporation experiment f o r  mercury. 
I . .  . 
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I. INTRODUCTION 
1-1. Nusse l t ' s  Analysis of Condensation 
Nusselt") was f i r s t  to  analyse the  problem of vapor condensing on 
a vertical  f l a t  p l a t e .  
t e d  i n  Fig. (1).  
t he  w a l l  temperature, t o  TW, the temperature of condensing vapor. 
Moreover, t he  condensing vapor was assumed t o  have uniform tempera- 
t u r e  d i s t r i b u t i o n .  
inc lude  var ious e f f e c t s  which N u s s e l t  neglected.  
momentum e f f e c t s  (Sparrow and Gregg")), shear  stress a t  l i q u i d  vapor 
i n t e r f a c e  (Chen(3), K O ~ ' ~ ) ,  e t a l . )  and non-l inear i ty  of t h e  tempera- 
t u r e  d i s t r i b u t i o n  i n  the  boundary l a y e r ( 2 ) .  
metallic l i q u i d s  have shown good agreement with the  t h e o r e t i c a l  pre- 
d i c t i o n s  by the  improved theories .  For l i q u i d  metals, however, hea t  
t r a n s f e r  c o e f f i c i e n t s  have been reported t o  be f i v e  t o  t h i r t y  times 
lower than values  pred ic ted  by the theory. 
a t t r i b u t e d  t o  some add i t iona l  r e s i s t ance  t o  hea t  t r a n s f e r .  
1-2. 
The model used i n  h i s  ana lys i s  is  i l l u s t r a -  
He assumed continuous temperature p r o f i l e  from T 
W '  
This simple ana lys i s  was later modified t o  
Among these  were 
Experiments with non- 
This discrepancy has been 
Temperature Drop - a t  Liquid-Vapor I n t e r f a c e  
This add i t iona l  r e s i s t ance  t o  hea t  t r a n s f e r  has been a t t r i b u t e d  
i n  the  l i t e r a t u r e  ( K r ~ g e r ' ~ ) )  t o  t he  l iquid-vapor in t e r f ace .  
manifests  i t s e l f  i n  terms of a temperature drop 6T between the  bulk 
flow region of l i q u i d  condensate f i l m  and bulk flow region of vapor, 
A nonequilibrium region is suspected t o  e x i s t  a t  the  i n t e r f a c e  
It 
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because of n e t  f i n i t e  mass f l u x  from one region t o  another  by v i r t u e  
of phase change. I n  such a nonequilibrium region,  t he  temperature,  
chemical p o t e n t i a l ,  and o t h e r  thermodynamic p rope r t i e s  are no t  defined. 
Also, the  Fourier  Law of hea t  conduction and o ther  continuum equat ions 
do not  hold. 
change i n  temperature and chemical p o t e n t i a l  across  the  nonequilibrium 
region is expected. Since t h e  pa r t  of t he  temperature  and chemical 
p o t e n t i a l  p r o f i l e  corresponding t o  t h i s  region is missing and s i n c e  
t h e  nonequilibrium region is very t h i n  (of the  order  of few mean f r e e  
pa ths) ,  it may be s a i d , a s  a good approximation, t h a t  temperature and 
chemical p o t e n t i a l  vary discontinuously across  the  in t e r f ace .  
1-3. Schrage's K ine t i c  Analysis of t h e  Phase Change 
Because of f i n i t e  mass f l u x  and energy f l u x ,  a f i n i t e  
--- 
Schrage(6) der ived an equation f o r  the  rate of phase change. 
His model is  i l l u s t r a t e d  i n  Fig. (2). Near the  i n t e r f a c e ,  ve loc i ty  
d i s t r i b u t i o n  of t he  vapor moleculesipcident on l i q u i d  su r face  is 
assumed t o  be ha l f  maxwellian, character ised by vapor temperature Tg 
and pressure pg, with superposed bulk ve loc i ty .  
f l u x  crossing from l e f t  t o  r i g h t  i s  assumed t o  cons i s t  of two p a r t s .  
One of  them comprises of the  molecules emit ted by the  l i q u i d  su r face  
at i ts  temperature T and the corresponding s a t u r a t i o n  pressure  P (T ). 
The o the r  par t  cons i s t s  of those molecules which are r e f l e c t e d  from 
t h e  in t e r f ace .  The r e l a t i o n  between the  r e f l e c t e d  and t h e  inc iden t  
f l u x  is defined by way of the  condensation c o e f f i c i e n t  u as the  r a t i o  
The outgoing mass 
f i  s f i  
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of condensed f l u  t o  the  inc ident  f lux.  
ve loc i ty  d i s t r i b u t i o n s  and incorporating the  d e f i n i t i o n  of a, Schrage 
der ives  the  following equation for  t h e  rate of phase change 
On i n t e g r a t i n g  the  assumed 
(1-3-1) 
where r is a quan t i ty  t h a t  accounts f o r  the  bulk flow v e l o c i t y  assumed 
i n  the  inc ident  ve loc i ty  d i s t r i b u t i o n  and where a is assumed t o  depend 
on temperature T a lone  (Reference ( 9 ) ) .  f i  
This equation can be l i nea r i sed  f o r  small rates of phase change 
as follows. For small rates w e  have 
<< 1 , - 6P = pgi  - ps P pgi - ps 
g i  pS P -  P 
and 
Using these  approximations, Equation (1-3-1) becomes 
6T 6P 
2T (-- -p) . 2a P J i m -  - gZiE 2 - 0: 
(1-3-2) 
(1-3-3) 
(1-3-4) 
(1-3-5) 
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Sukhatme and Roh~enow'~)  and K r ~ g e r ' ~ )  incorporated Equation (1-3-5) 
i n t o  Nusse l t ' s  ana lys i s  t o  account f o r  t headd i t iona l  r e s i s t ance  a t  
the  in t e r f ace .  Fig. (3) shows t h a t  because of t he  ex is tence  of 6T 
a t  the  i n t e r f a c e ,  t he re  is  a lower hea t  f l u x  a t  the  w a l l  f o r  t he  same 
temperature d i f f e rence  between t h e  w a l l  temperature and t h e  gas t e m -  
pe ra tu re  ou t s ide  the  boundary layer .  I n  o the r  words, ex is tence  of 
6T  a t  the  i n t e r f a c e  reduces the  dr iv ing  fo rce  f o r  the  hea t  t r ans fe r .  
Assuming t h a t  t h e  temperature i n  vapor is  uniform, as i n  Nusse l t ' s  
ana lys i s ,  and t h a t  the  energy f lux J i s  given by h J w e  can calcu- 
l a te  d from Schrage's equation (1-3-1) and experimental  values  f o r  
T 
t he re fo re ,  P (Tfi). 
1-4. 
U g i' 
the  hea t  f l u x ,  Tw and T f i  ( ca lcu la ted  from Nusse l t ' s  theory)and, 
g i  ' 
8 
Linear I r r e v e r s i b l e  Thermodynamic Analysis of t he  Phase Change 
Bornhorst(8) presented an ana lys i s  of t he  phase change based on 
-I_- 
t he  p r inc ip l e s  of i r r e v e r s i b l e  thermodynamics. The so lu t ion  conta ins  
an equation f o r  t he  rate of phase change very similar t o  the l i n e a r i s e d  
Schrage equation (1-3-5). 
t r i b u t i o n  f o r  t he  molecules has  to  be  assumed. I n  add i t ion ,  t he  
a n a l y s i s  y i e l d s  an equation f o r  energy f l u x  Ju. 
fol lows : 
In the a n a l y s i s ,  however, no ve loc i ty  d is -  
The equations are as 
6T 6P 2h (1-4-1) 
-14- 
Lk 6T 
hfgl  Ji - -- T T  Ju = [hgi - 
(1-4-2) 
h and hf i  being the  enthalpy of the  vapor and l i q u i d ,  respec t ive ly ,  
g i  
a t  the  i n t e r f a c e  and h = h - h f i ,  
f g  g i  
K,  Lk which appear i n  the above Equatiors (1-4-1) and (1-4-2) Lii ,
are thermodynamic p rope r t i e s  ca l led  t r anspor t  c o e f f i c i e n t s  and have 
t o  be determined experimentally.  
which are no t  i nhe ren t ly  non-linear ( see  Reference (81, ( 9 ) ) .  
c a l  meaning of these  t r anspor t  coe f f i c i en t s ,  see Reference (9) .  
have been def ined as follows: 
The ana lys i s  is r e s t r i c t e d  t o  processes  
For physi- 
They 
From Equation (1-4-1) w e  get 
Comparing Equations (1-4-1) and (1-3-51, w e  g e t  
2a P 
Lii * 2-a R q x  
From Equation (I-4-2), w e  ge t  
(1-4-3) 
(1-4-4) 
(1-4-5) 
From the  Equation (1-4-5) we see t h a t  Lk i s  a measure of t he  conductance of 
i n t e r f a c e  t o  hea t  t r a n s f e r .  
Kennard ( l o )  r e l a t e d  Lk t o  energy accommodation c o e f f i c i e n t  a by 
way of t he  temperature jump analysis .  The r e s u l t  i s  as follows: 
I 
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(1-4-6) 
where 
Y - CP/CV f o r  gas phase. The energy accommodation c o e f f i c i e n t  
should be c lose  t o  uni ty  f o r  a l i qu id  vapor i n t e r f a c e ,  p a r t i c u l a r l y  
f o r  a high molecularweight f l u i d  (9) . 
(1-4-7) 
The Equation (1-4-7) shows K as a measure of how the  hea t  of vaporiza- 
t i o n  s p l i t s  a t  t he  i n t e r f a c e  fo r  the  zero 6T. I n  o the r  words, K/(K+ U i s  
i s  the  f r a c t i o n  of t he  energy h J necessary f o r  evaporation which 
is t r ans fe r r ed  t o  the  i n t e r f a c e  from the  vapor s i d e ,  while the  remaining 
i s  suppl ied by the  l i q u i d  s ide .  
f g  i 
Because of ex is tence  of K ,  w e  do n o t ,  i n  gene ra l ,  have uniform 
temperature p r o f i l e  i n  vapor. 
temperature a t  the  i n t e r f a c e  t o  account f o r  the  hea t  t r a n s f e r  from 
t h e  gas s i d e ,  and the  grad ien t  can be p o s i t i v e  o r  negat ive depending 
upon hea t  t r a n s f e r  on the  gas side.  Eventually i t  is  expected t o  
f a l l  off  exponent ia l ly  with distance") from i n t e r f a c e ;  therefore  i t  
is  very hard t o  measure T 
There w i l l  be a grad ien t  i n  the  vapor 
g i  
Thermodynamic ana lys i s  is  more general  than Schrage's theory 
because i t  does no t  have t o  assume any ve loc i ty  d i s t r i b u t i o n .  The 
k i n e t i c  ana lys i s  i s  based on the d e f i n i t i o n  of "a" whereas the  
-16- 
t r anspor t  c o e f f i c i e n t s  appearing in t h e  thermodynamic ana lys i s  are 
thermodynamic proper t ies  within t h e  framework of l i n e a r  assumptions. 
The thermodynamic ana lys i s  s a t i s f i e s  I and I1 l a w s  by following the  
formulation of i r r e v e r s i b l e  thermodyanmics which e s s e n t i a l l y  r e s u l t s  
in t h e  Onsager r ec ip roca l  law. Schrage does not  s a t i s f y  these  l a w s .  
1-5. Steady S t a t e  Evaporation Experiment 
Adt") measured the  coe f f i c i en t s  CJ and K experimentally by 
s teady state evaporation of mercury i n  the  pressure  ( sa tu ra t ion  
pressure  corresponding t o  T 
t he  f i r s t  t o  determine t h e  value of  t r anspor t  c o e f f i c i e n t  K,  appear- 
i n g  i n  the  i r r e v e r s i b l e  thermodynamics ana lys i s  of t he  phase change. 
The desc r ip t ion  of h i s  experiments has been ou t l ined  i n  the  next sec- 
t ion .  
) range of 0.01 - 0.017 Atm.  H e  w a s  f i  
I n  the  evaporation experiment, many e r r o r s  which could appear 
i n  the  condensation experiments can be eliminated. The major problem, 
which is suspected t o  e x i s t  i n  a l l  condensation experiments, is due 
t o  the  presence of non-condensable gases.  They present  an a d d i t i o n a l  
r e s i s t a n c e  t o  the  flow of vapor because vapor has  t o  d i f f u s e  through 
non-condensable gases  t o  condense on t h e  cold sur face .  These non- 
condensable gases accumulate near the  condensing su r face  and form a 
b lanket  of high r e s i s t a n c e  which o b s t r u c t s  t he  flow of vaporsand par- 
t ia l  pressure  of the  vapor decreases s i g n i f i c a n t l y  near  t he  i n t e r f a c e ,  
This r e s u l t s  i n  t h e  reduced value of hea t  t r a n s f e r  c o e f f i c i e n t  and 
a l s o  reduced value of (1. 
-17- 
I n  Adt's'') evaporation experiment, mercury vapors move away from 
t h e  i n t e r f a c e ,  and t h e  non-condensables do not  accumulate near  t he  i n t e r -  
face ,  Also, i t  is a flow process, and the re  is no su r face  contamina- 
t i o n  due t o  s tagnant  fi lm. 
t h a t  evaporates ,  and a l l  the time mercury evaporates from the  f r e s h  sur-  
face.  Because t h e  su r face  is being f lushed with f r e s h  mercury, the  
chances of su r face  contamination are g r e a t l y  reduced. So o v e r a l l ,  t he  
evaporation experiment is less l i k e l y  t o  contaminate than the  condensa- 
t i o n  experiment. 
1-6. Present  Inves t iga t ion  
The mercury inflow is more than the  amount 
The purpose of t he  present  i nves t iga t ion  is t o  f i n d  the  values  of 
t h e  condensation c o e f f i c i e n t  "(3" and the  t r anspor t  c o e f f i c i e n t  K i n  
the  higher  pressure  range (> 0.017 Atm), using the  experimental  tech- 
niques of Adt"). 
densat ion experiments) so f a r  show a decreasing value of u a t  higher  
s a t u r a t i o n  pressures .  Consequently, t he  values  of u a t  higher  values  
of pressure  a r e  r a t h e r  important i n  order  t o  a s c e r t a i n  whether the  
value of condensation coef f ic ien t  r e a l l y  decreases  a t  higher  pressures  
o r  not .  The r e s u l t s  are as discussed i n  Sect ion I V .  A k i n e t i c  model 
is then developed t o  show the  p a e s i b i l i t y  of condensation c o e f f i c i e n t  
having a value less than uni ty .  
The da ta  obtained by o the r  experiments (mainly con- 
i 
: 
t 
i 
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11. STEADY STATE EVAPORATION EXPERIMENT 
11-1, Experimental Set-up 
The s teady state phase change experiment is  one i n  which t h e  l i q u i d  
changes t o  vapor phase a t  constant rate. It can be shown from t h e  f i r s t  
l a w  of  thermodynamic^'^) t h a t  i f  vapor temperature i s  assumed t o  be 
constant  at a d i s t ance  very f a r  from the  i n t e r f a c e ,  i t  w i l l  be the  same 
up t o  the  vapor s i d e  of t he  in te r face .  
region,  the  temperature and other  thermodynamic p rope r t i e s  are not  
def ined , )  I n  the  s teady s t a t e  evaporation, t he re fo re ,  t he re  is no tem-  
pe ra tu re  grad ien t  i n  the  vapor beyond a few mean f r e e  pa ths  away from 
t h e  in t e r f ace .  
(Of course,  i n  t h e  nonequilibrium 
The experiment performed i s  descr ibed i n  the  succeeding paragraphs. 
For d e t a i l s ,  see reference  (9) .  
The flow diagram of the  experiment is shown i n  Fig. (41, and the  
ske tch  of t he  test s e c t i o n  and photographs of t he  apparatus are i l l u s -  
t r a t e d  i n  Figs. 5, 6 ,  7 ,  and 8. Tr ip ly  d i s t i l l e d  l i q u i d  mercury is  
f e d  i n t o  the  test s e c t i o n  t o  flow over a n i cke l  su r f ace  i n  the  form 
of a t h i n  layer .  The n icke l  block is being heated by the  e l e c t r i c a l  
h e a t e r s  placed near  t he  bottom of the  block. 
is measured by t h e  thermocouples placed i n  the  block. 
p r o f i l e  i n  the  block i s  extrapolated t o  the  sur face  of t h e  block. This 
temperature p r o f i l e  i s  f u r t h e r  extrapolated through the  l i q u i d  layer 
t o  f i n d  the  temperature Tfi  on the l i q u i d  s i d e  of  t he  i n t e r f a c e .  
depth of t he  l i q u i d  layer was measured by the  needle depth probe which 
Temperature i n  the  block 
The temperature 
The 
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is sp r ing  mounted t o  the  micrometer head as it  is moved from the  s o l i d  
su r face  t o  the  l i q u i d  sur face  by means of the  micrometer head. I n  the  
ex t r apo la t ion  from s o l i d  t o  l i qu id  temperature, i t  was assumed t h a t  
s o l i d  l i q u i d  i n t e r f a c e  does no t  have any s i g n i f i c a n t  contact  r e s i s t ance .  
This assumption was v e r i f i e d  experimentally. 
The choice of n i cke l  was made because mercury w e t s  n i cke l .  This 
is e s s e n t i a l  i n  order  t o  have a t h i n  f i l m  of l i q u i d  and t o  reduce t h e  
s o l i d  l i q u i d  contac t  res i s tance .  A t h i n  layer w i l l  reduce t h e  e r r o r s  
due t o  the  non-linear temperature p r o f i l e  and a l s o  the  
convection. I n  addi t ion  t o  t h i s ,  t he  amount of superheat  a t  s o l i d  
s u r f a c e  being less, the  chances of having nuc lea t ion  sites f o r  b o i l i n g  
w i l l  a l s o  decrease.  
p o s s i b i l i t y  of 
The depth of l i q u i d  layer is cont ro l led  by the  i n c l i n a t i o n  of 
t h e  n i cke l  block and by adjust ing the  flow rate. The flow rate of 
l i q u i d  i n t o  t h e  test sec t ion  is more than t h a t  evaporated,  a n d t b  e x t r a  
amount of mercury is co l l ec t ed  i n  an overflow tank. The flow w a s  
ad jus ted  through a micrometer valve very p rec i se ly .  
The vapor temperature T is measured by means of copper constantan 
8 
thermocouples enclosed i n  stainless steel sheaths  loca ted  a t  d i f f e r e n t  
p o s i t i o n s  and o r i en ta t ions .  The thermocouples were ca l ib ra t ed  aga ins t  
a s tandard  platinum resistance thermometer. 
The pressure  p i n  the  t e s t  s ec t ion  is measured by a monometer 
g 
whose one l e g  is connected t o  t h e  test s e c t i o n  and the  o t h e r  one t o  a 
plenum chamber kept a t  very low pressure  (of t he  order  of 25-30 microns) 
by a vacuum pump. 
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The vapor formed i n  the  test s e c t i o n  goes i n t o  a counter-flow 
water-cooled condenser. The condenser is f u r t h e r  connected t o  an 
ice t r a p  and a mercury f i1 t e r ;on  t o  a vacuum pump exhausting i n t o  
the  labora tory  exhaust system. 
The test s e c t i o n  is enclosed i n  a g l a s s  cy l inde r ,  covered by 
s t a i n l e s s  steel  p l a t e s  a t  top and bottom. 
around the  cy l inder  and top and bottom plates t o  compensate f o r  t he  
hea t  l o s s  t o  the  surroundings and keep the  test sect'ion temperature 
uniform. 
t h e  test sec t ion  to  reduce the  h e a t  l o s s  t o  the  surroundings. 
11-2. Operating Procedure 
Heating tapes  are wrapped 
Two t o  th ree  l aye r s  of f i b e r g l a s  i n s u l a t i o n  are put around 
The procedure is b r i e f l y  discussed as follows: 
A l l  p a r t s  are f i r s t  cleaned with hydrochlor ic  ac id ,  acetone,  
and Mchloroethylene.  
(Fig. (4)) is c losed ,  and mercury is allowed t o  flow over t h e  n i cke l  
block. I n  order  t o  have mercury w e t  t he  sur face ,  t he  surrface is 
rubbed with hydrochlori'c ac id  at t h e  non-wetting spots .  
The valve to  t h e  overflow c o l l e c t o r  tank 
A t h i n  l a y e r  
of mercury has t o  be re ta ined  over t he  whole su r face  because once it 
s t o p s  wet t ing the  sur face ,  t h e  system has t o  be  taken a p a r t  t o  have 
mercury w e t  t he  su r face  again as i t  does not  w e t  by i t s e l f .  
The hea t ing  tapes  are supplied with power t o  b r ing  the  gas t e m -  
pe ra tu re  i n s i d e  the  apparatus to roughly a value a t  which the  experi-  
ment is to be run. This temperature refers t o  l i q u i d  vapor i n t e r f a c e  
temperature. It takes  about two days t o  b r ing  the  apparatus  t o  a 
s teady  state temperature of the order  of 400 OF. 
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The opera t ing  procedure from the re  on is as follows: 
a. Condenser cooling water is turned on, and ice is fed  t o  the  i c e  
t r a p  and t o  the  thermocouple re ference  junct ion.  
Vacuum pump "A" is used t o  bring t h e  system pressure  t o  t h e  
des i r ed  value determined by the  s a t u r a t i o n  pressure ,  and once 
i t  is brought t o  t h a t  pressure l e v e l ,  i t  is kept open a l i t t l e  
t o  purge any e x t r a  gases which might l eak  i n t o  t h e  system. 
The hea te r s  i n  the  n i cke l  block are turned on. 
determines t h e  hea t  f l u x ,  and hence the  rate of evaporation i n s i d e  
t h e  test sec t ion .  With the  advent of evaporat ion,  the  pressure  
mounts up and so does the  vapor temperature which is immediately 
sensed by the  hor izonta l  thermocouple. The v e r t i c a l  thermocouple 
was r a t h e r  i n s e n s i t i v e  to  t h e  vapor temperature,  being more c lose  
bo t he  surrounding temperature. The pressure  level i n  the  test 
s e c t i o n  was adjus ted  by va lve 'y ' so  t h a t  the  two thermocouples 
read the  same value during the test. Radiation sh ie lds  were 
later put  over t he  thermocouples, and i t  w a s  discovered t h a t  
r ad ia t ion  does not  change the r e s u l t ,  
couple 's  s e n s i t i v i t y  t o  t h e  vapor temperature played a very 
important r o l e  i n  achieving t h e  s teady state condi t ion.  This 
shows t h a t  thermocouples were not  locked by some temperature 
o t h e r  than t h e  vapor temperature. The experiment performed with 
t h e  r ad ia t ion  sh ie ld  t o  check the  e f f e c t s  of r a d i a t i v e  hea t  t rans-  
f e r  l e n t  complete support  t o  t h i s  b e l i e f .  
b. 
C. The input  wattage 
The ho r i zon ta l  thermo- 
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d. Once the  pressure  l e v e l  is s e t ,  t he  depth of mercury w a s  measured 
by means of a depth probe. Pressure  and temperature measurements 
were made by means of a manometer and thermocouples. 
It usua l ly  takes  about one t o  two hours t o  achieve the  s teady 
state, and mercury is recleaned and reoxidized t o  be run i n t o  another  
test. 
11-3. Steady S t a t e  Equations and Expressions f o r  Data Reduction - --
For steady s ta te  evaporation, t he re  is no temperature grad ien t  
and hence no hea t  t r a n s f e r  i n  t h e  vapor a t  the  in t e r f ace .  
f l u x  i n  t h e  vapor bulk flow region is given by 
The energy 
where subsc r ip t  ss s tands  f o r  steady state evaporation, and so from 
t h e  energy Equation (I-4-3), we can see t h a t  hea t  t r a n s f e r  contribu- 
t i o n  i n  the  vapor due t o  s p l i t t i n g  of h J is balanced by the  amount 
of hea t  t r a n s f e r  i n t o  the  vapor due t o  conductance of t he  su r face ;  
t h a t  is , 
f g  i 
K Lk 
K + 1 hfg Ji - 2 (6T)ss T 
K 1 Lk 6T - (-) -I-- 
f g  T2 Ji 88 K + l  h 
(11-3-1 
(11-3-2) 
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The rate of phase change, Equation (1-4-1), f o r  s teady state becomes 
I n  p lace  of K,  another  f ac to r  U ,  which is more convenient t o  
handle,  w a s  defined. 
i 
(11-3-3) 
(11-3-4) 
For s teady state experiment, combining Equations (11-3-2) and (11-3-4), 
w e  end up with 
I 
I 
(11-3-5) 
For the  value of Lk Equation (1-4-6) i s  used. Teagon's'?) work 
has  found Kennard's(lO) r e s u l t  to  be q u i t e  s a t i s f a c t o r y  (within - 4%) 
f o r  s o l i d  vapor in t e r f ace .  
would be accura te  f o r  l i q u i d  vapor phase change, p a r t i c u l a r l y  f o r  
mercury with high molecular weight 
+ 
It is expected t h a t  Kennard's ana lys i s  
(9) . 
Subs t i t u t ing  Equation (1-4-6) f o r  Lk with a = 1 i n t o  Equation 
(11-3-5), w e  have 
u = - (3) 
Replacing Lii wi th  
(1-3-5) , w e  have 
(11-3-6) 
(J as i t  appears i n  Schrage's ana lys i s ,  Equation 
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I 
(11-3-7) 
ss ( 6 0  was an 
,and coefficient U, which was 
2T It was found experimentally that the value of (*PI ss 
P order of magnitude less than 
assumed to be 1 by Schrage, does not change (7 significantly. 
The needed measurements to evaluate u and U from Equations(I1-3-7) 
and (11-3-6) are those of Ji, Tfi, T and P. P and T are directly 
measured by manometer and thermocouples in the vapor. Tfi is measured 
by extrapolation of the temperature profile in the nickel block. 
putting a least square straight line fit and then further extrapolating 
it through mercury, we have 
giJ gi 
By 
$1 AT 
Tfi = TNi - (&Ni hHg 
and 
(11-3-8) 
(11-3-9) 
where P (T ) is the saturation pressure of mercury corresponding to 
The saturation pressure data was taken from reference temperature T 
(12). 
s fi 
f i' 
The rate of evaporation (JiIss is obtained from 
k 
(11-3-11) 
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The data for properties of nickel were taken from reference (13) 
and for other properties of mercury from reference (14) .  
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111. EXPERIMENTAL RESULTS 
The r e s u l t s  have been given i n  Tables 1, 2,  and 3 and have been 
p l o t t e d  i n  Figs. 9 ,  10, and 11. The average value of condensation 
c o e f f i c i e n t  u i s  0.78, which is  higher  than t h a t  found i n  any previous 
condensation experiments performed i n  the  pressure  range considered. 
The u reported i n  tests No. 1 and 2 has been found t o  be q u i t e  low. 
Af t e r  these  tests the  mercury was taken out  of t he  apparatus  and w a s  
oxidized and r e d i s t i l l e d ,  and a l so ,  a l l  mercury l i n e s  i n  t h e  apparatus 
were recleaned with hydrochloric ac id  and t r ich loroe thylene .  
t h a t  t he  value of U w a s  never found t o  be lower than 0.70. 
emphasizes the  importance of contamination i n  the  phenomenon of con- 
densat ion and evaporation. The previous evaporat ion experiment per- 
formed by Adt") repor ted  the  added r e s i s t a n c e  due t o  s tagnant  f i lm  
on the  surface.  This f i l m  is suspected t o  act  a s  an obs t ac l e  i n  the  
way of evaporation and tends t o  reduce the  value of condensation 
c o e f f i c i e n t  6. I n  t h i s  experiment no s tagnant  f i l m  w a s  observed, bu t  
t h e  rise i n  the  value of u found a f t e r  r e d i s t i l l i n g  mercury can be 
a t t r i b u t e d  t o  the  removal of some dissolved impur i t i e s  which might 
have been present .  
effect of an added r e s i s t a n c e  and r e s u l t  i n  a lower value of u. 
After  
This again 
It is believed t h a t  t hese  impur i t ies  can have the  
The values  of U have a180 been reported i n  Table 1. The average 
va lue  of U was found t o  be 0.36 which i s  s l i g h t l y  higher  than the  one 
repor ted  i n  the  previous evaporation experiment by Adt (9) . 
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The to ta l  percentage errors in  U and u have been reported in  
Table 2 .  
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I V .  DISCUSSION OF RESULTS 
The value of condensation coe f f i c i en t  u has been found t o  be 
h igher  than t h a t  found i n  the  previous condensation experiments, and 
a l s o ,  i t  has  been shown a t  the  same t i m e  t h a t  the  contamination 
could cause t h e  value of (I to  decrease. The same r e s u l t  has been 
found by Adt") and Kn~dson(~ ' ) .  
ment wi th  the  evaporat ion of mercury,obtained the  value of u much 
less than 1 and later discovered t h a t  the  su r face  of h i s  drop w a s  
contaminated. 
t h e  r e s u l t s  which gave u very close t o  uni ty .  
K r ~ g e r ' ~ )  introduced the  non-condensable 
Knudson,while performing the  experi-  
Later he changed h i s  drop every four  seconds and found 
gases i n t e n t i o n a l l y  
i n  'the condensation of potassium and found out  t h a t  u decreased i n  
t h e i r  presence. 
tend t o  c o l l e c t  on the  sur face ,  and the  vapor has t o  d i f f u s e  through 
s tagnant  f i l m  of non-condensables. 
Any non-condensables i n  the  condensation experiments 
This o f f e r s  an e x t r a  res i s tance  t o  t h e  vapor passage, r e s u l t i n g  
i n  a lower value of u. 
b l e s  do not  present  t h a t  much of a problem because the  vapors move 
away from the  sur face ,  and hence flow being outward, t he  non-condensa- 
b l e s  do not  accumulate a t  the  surface.  
I n  the  evaporation experiment t he  non-condensa- 
A s  has a l s o  been found, the dissolved impur i t i e s  can a l s o  reduce 
t h e  value of u. 
ments could be  lower than the  ac tua l  value of u e i t h e r  because of 
contamination or impur i t ies  or both. 
Consequently,the values  reported i n  the  o the r  experi-  
Nevertheless ,  0 may be a c t u a l l y  
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decreasing with increasing pressure by a small amount. A simple 
model allowing for such a possibi l i ty  i s  presented i n  Section V.  
The value of U has been found to be  averaging around 0.36,  
(9) and i t  is permissible as discussed in  the k inet ic  model of Adt . 
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MODEL OF CONDENSATION V. KINETIC THEORY 
V-1. In t roduct ion  
There have been many a t tempts  t o  propose a theory explaining 
the  decrease i n  value of condensation c o e f f i c i e n t  "a" a t  increas ing  
predsures ,  but  none havebeen s a t i s f a c t o r y .  In  t h i s  ana lys i s ,  a 
k i n e t i c  theory model of t h e  l i qu id  and vapor phases has been developed 
t o  expla in  q u a l i t a t i v e l y  the  behaviour of condensation c o e f f i c i e n t  
versus  s a t u r a t i o n  pressure  curve. 
V-2. Model and Its Assumptions --- 
This model has been developed f o r  a l i q u i d  i n  equi l ibr ium with 
its vapor a t  s a t u r a t i o n  temperature. The purpose of the  model i s  t o  
p r e d i c t  t he  condensation coe f f i c i en t  "a" f o r  t he  mass f l u x  of the  
vapor inc iden t  on the  l i q u i d  surface.  
assumed t o  have a maxwellian ve loc i ty  d i s t r i b u t i o n .  
The vapor molecules have been 
The l i q u i d  molecules have s t ronger  binding forces  than the  vapor 
molecules and are less f r e e  t o  move. A s  a r e s u l t ,  the  l i q u i d  molecules 
move slower than the  vapor molecules a t  t he  same temperature. I n  the  
model, the  l i q u i d  has been pictured t o  cons i s t  of p a r t i c l e s  which have 
e f f e c t i v e l y  a higher  mass than single-vapor molecules. These l i q u i d  
p a r t i c l e s  can be imagined t o  be  an aggregate of many molecules moving 
toge the r ,  These p a r t i c l e s  a r e  assumed t o  have the  maxwellian ve loc i ty  
d i s t r i b u t i o n ,  Only normal c o l l i s i o n s  have been taken i n t o  considerat ion.  
It has been assumed t h a t  t h e r e  e x i s t s  a p o t e n t i a l  w e l l  between the  l i q u i d  
and vapor, and the  energy a t t r i b u t e d  t o  t h i s  w e l l  i s  the  l a t e n t  hea t  of 
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vaporizat ion.  The fo rce  of a t t r a c t i o n  has been assumed t o  be constant  
(Fig. 13) a c t i n g  over a d is tance  X over which the  l i q u i d  p a r t i c l e s  and 
vapor molecules accelerate t o  achieve t h e i r  f i n a l  v e l o c i t i e s  before  
they co l l i de .  I n  o t h e r  words, the  p o t e n t i a l  energy of t h e  w e l l  mani- 
f e s t s  i t s e l f  i n  terms of k i n e t i c  energy of t he  l i q u i d  p a r t i c l e  and 
vapor molecule. This conversion of p o t e n t i a l  energy t o  k i n e t i c  energy 
of l i q u i d  p a r t i c l e  and vapor molecule is termed as " l iqu id  p a r t i c l e  
and vapor molecule having f a l l e n  i n t o  the  p o t e n t i a l  w e l l . "  
The l i q u i d  par t ic le  has been assigned a mass "m" and ve loc i ty  vo, 
and the  vapor molecule a mass M and ve loc i ty  u . 
of u 
taken t o  be E. 
t he  l a t e n t  hea t  of vaporizat ion.  
The p o s i t i v e  d i r e c t i o n s  
0 
and vo are as shown i n  Fig.  (12). The energy of the  we l l  is 
The value of E is expected t o  be of t he  order  of h 
I n  the  ca l cu la t ions  E has been set 
0 
f g  ' 
equal  t o  h u and v a r e  the r e spec t ive  v e l o c i t i e s  of the  l i q u i d  
p a r t i c l e  and vapor molecule before the  fo rce  of a t t r a c t i o n  has come 
fg '  0 0 
i n t o  play,  
a f t e r  c o l l i s i o n  t h e  ve loc i ty  of the  l i q u i d  p a r t i c l e  is v1 and t h a t  
of t he  vapor molecule is u while both are s t i l l  i n  the  w e l l  (Fig.  (12)) .  
The p o t e n t i a l  w e l l  has been pictured t o  be a t tached  t o  the  l i q u i d  p a r t i -  
The c o l l i s i o n  is assumed t o  take  p lace  i n  the  w e l l ,  and 
. .. 
1' 
cles. 
V-3. C r i t e r i o n  f o r  S t i ck ing  or Condensation - -
L e t  us suppose t h a t  the  force of a t t r a c t i o n  "F" comes i n t o  play 
when the  l i q u i d  p a r t i c l e  and vapor molecule have come c lose  enough (within 
a few molecule diameters) .  
Fig. (11). 
The force-dis tance diagram i s  as shown i n  
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dvO Then F - m - d t  
and 
duo 
F = M- d t  
# F  F dvO - + - = - - - + -  
m M d t  d t  % #  
a v o  + uo) - 
d t  
The work done by t h i s  force over  t he  d i s t ance  X is 
dX ('re 1) d t  dE = F*dX - (e) 
dx 
're 1 d t  
I -  But 
F* dX 're1 dVrel 
v .  
e', E = 0 /' F*dX (G vri I r b  're1 dVrel 
(V-3-1) 
(V-3-2) 
(V-3-3) 
07-3-41 
(v-325 ) 
(V-3-6) 
(V-3-7) 
(V-3-8) 
(V-3-9) 
where 
'ri 
Vrb = Fina l  r e l a t i v e  vPloc i ty  j u s t  before  c o l l i s i o n .  
- I n i t i a l  r e l a t i v e  velocity before  the  fo rce  F has come i n t o  play; 
I f  t he  c o l l i s i o n  is considered completely e las t ic ,  the  r e l a t i v e  
v e l o c i t y  j u s t  before  the  c o l l i s i o n  can be shown t o  be the  same as a f t e r  
t h e  c o l l i s i o n  from the eonsekvation of momentum and energy; i . e *  V r b  a V r f '  
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(V-3-10) 
I n  order  t h a t  the l i qu id  and vapor molecules s t i c k  t o  each o the r ,  
they should not  be ab le  t o  come o u t  of t he  p o t e n t i a l  w e l l .  
.*.The q c i t e r i o n  f o r  trapping is t h a t  
2 
M + m  2 
'rf E -- (V-3-11) 
because i n  t h a t  case they cannot have any real ve loc i ty  a f t e r  they come 
o u t  of t he  p o t e n t i a l  w e l l .  
V-4. Expression for Coeff ic ient  of Condensation 
The condensation coef f ic ien t  has been def ined as the  r a t i o  of the 
mass f l u x  t h a t  condenses,to t h e  t o t a l  i nc iden t  f lux .  I n  terms of our 
model, i t  is t he  r a t i o  of the  mass f lux  trapped i n  the  p o t e n t i a l  w e l l  
t o  the  t o t a l  i nc iden t  mass f l u x  under considerat ion.  
,',a = condensation coef f ic ien t  
trapped mass f l u x  i n  t h e  p o t e n t i a l  w e l l  
t o t a l  inc ident  mass f l u x  
The p robab i l i t y  of a vapor molecule c o l l i d i n g  with a l i q u i d  p a r t i c l e  
is propor t iona l  t o  the  relative ve loc i ty  between l i q u i d  p a r t i c l e  and 
vapor molecule; i .e.,  t h e  higher t he  r e l a t i v e  ve loc i ty  between them, t h e  
higher  t he  p robab i l i t y  of co l l i s ion .  Also , t he  c o l l i s i o n  p robab i l i t y  
depends upon the number of l iquid p a r t i c l e s  with t h a t  r e l a t i v e  ve loc i ty ;  
%,e., thg higher the  number of p a t t i c l e s  wEth t h a t  relative qe loc i ty ,  the  
-34- 
h igher  is t h e  p robab i l i t y  of co l l i s ion .  Consequently, t he  p robab i l i t y  
of c o l l i s i o n  f o r  a given vapor ve loc i ty  u is as follows: 
0 
(Probabi l i ty  of c o l l i s i o n )  of (Rela t ive  ve loc i ty  between t h e  
l i q u i d  p a r t i c l e  and vapor molecule) 
x (Velocity d i s t r i b u t i o n  func t ion  f o r  
l i q u i d  p a r t i c l e s )  
or Pc(uo) d ( u 0  + vo> G(vJ dvo (V-4-1) 
G(vo) dvo is t he  maxwellian ve loc i ty  d i s t r i b u t i o n  f o r  t he  l i q u i d  
p a r t i c l e s .  
For a given vapor ve loc i ty  u the  minimum value  for vo is g r e a t e r  
0’ 
than - uo because i f  vo is less than o r  equal  t o  - (u,) , t he  c o l l i s i o n  
w i l l  never take  place.  
Out of a l l  the  c o l l i s i o n s  taking place f o r  - uo C vo < -, only 
those w i l l  r e s u l t  i n  t rapping of t he  vapor molecules which s a t i s f y  the  
c r i t e r i o n  of t rapping,  i .e.,  for  which 
112 - M + m  Mm V2 r f  S E  . (V-3-11) 
So f o r  any value of v which is higher  than t h a t  given by t h i s  rela- 
t i o n ,  t he  t rapping w i l l  not take place.  
0’ 
0 
For a given u t h e  probabi l i ty  of t rapping  is t he re fo re  given by 
(V-4-2) 
where vo* is t h e  maximum value of v 
f o r  given u 
t o  s a t i s f y  Equation (V-3-11) 
0 
N1 is the  normalization f a c t o r  given by 
0 
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(V-4-3) 
The ve loc i ty  of vapor p a r t i c l e  has also been assumed t o  have t h e  
maxwellian d i s t r i b u t i o n .  The condensation c o e f f i c i e n t  has been def ined 
as the  r a t i o  of mass fluxes; therefore ,  i n  order  t o  g e t  an expression 
f o r  t he  condensation coe f f i c i en t ,  t he  p robab i l i t y  of t rapping f o r  a 
given value of uo has t o  be weighted both w i t h ,  r espec t  t o  vapor v e l o c i t y  
u and i t s  d i s t r i b u t i o n .  The expression f o r  condensation , c o e f f i c i e n t  o 
is ,  therefore ,  as follows: 
0 
0 1" u 0 f (uo) N1 duo 
( v - 4 - 4 )  
is also assumed t o  be a maxwellian d i s t r i b u t i o n .  Subs t l tu -  f (uo)  duo (16) 
t i n g  f o r  t he  d i s t r i b u t i o n  function, t he  expression f o r  u becomes 
-mv &/2kT 
0 
-Muo& / 2 KT 
0 0  duo -u 0 dvO 
0 7 - 4 4 )  
which has been s impl i f i ed  i n  Appendix (B) t o  give 
- 
4 
n2 02 
o* 2 -U 
A 2  
- e ) - + 2 uo(erf c0* + e r f  30)]  dg0 -vuo 0 fi 0 0  1"; e 1 (e  
42 u =  
0 2  A 2  -u /"a e'vUo [ ( e  ) e + 2 *o (1 + e r f  $o)] dco 
0 0  
(V-4-6) 
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4 where uo - uo/ (v-4-7) 
1 
4 vO* * v  O* /E . (V-4-8)  
v is a funct ion of uo as determined by the  c r i t e r i o n  of t rapping 
O* 
as determined i n  the  next section. 
V.5 Determination of Vd* 
, 
To determine the  value of vo*, t he  conservation of momentum and 
energy has been invoked. 
s idered ,  i t  can be shown t h a t  a l l  t h e  vapor molecules w i l l  be ab le  t o  
I f  a completely elastic c o l l i s i o n  is con- 
overcome the  p o t e n t i a l  b a r r i e r ,  and so (3 w i l l  always be zero. 
t h e  l i q u i d  p a r t i c l e  and vapor molecule have entered the  p o t e n t i a l  w e l l ,  
Af te r  
they share  the  energy E ,  corresponding t o  the  p o t e n t i a l  w e l l ,  between 
themselves, and i f  they do not  l o se  a p a r t  of t h e i r  k i n e t i c  energy, 
they w i l l  never be trapped, because they have had some energy to  begin 
with,  and extra energy E is contributed t o  t h e i r  t o t a l  energy by the  
p o t e n t i a l  w e l l ,  
and hence the re  w i l l  be no trapping of vapor molecules. 
Therefore, -- Vff w i l l  always be g rea t e r  than E ,  2 M + m  
The l o s s  of energy is a t t r i b u t e d  t o  i n e l a s t i c i t y  of c o l l i s i o n .  It 
has  been assumed t h a t  k i n e t i c  energy of t he  system is not  conserved, 
and on c o l l i s i o n ,  the  l i q u i d  p a r t i c l e  which has been p ic tured  t o  be an 
aggregate of many molecules could absorb a f r a c t i o n  of t h e  t o t a l  k i n e t i c  
energy, involved i n  the  co l l i s ion ,  i n  terms of i t s  i n t e r n a l  energy. It 
is suspected, however, t h a t  the c o l l i s i o n  takes  place over a very s h o r t  
i n t e r v a l  of time,and forces  involved i n  t h e  c o l l i s i o n  are much higher  
-37- 
than 
been 
be a 
is a 
t h e  inter-molecular fo rces  which e x i s t  i n  r e a l i t y .  
neglected i n  the  model, and l i q u i d  p a r t i c l e  has been modeled t o  
f r e e  p a r t i c l e .  
reasonable one. 
They have 
Hence t h e  assumption of conservation of momentum 
The energy absorbed by the  l i q u i d  p a r t i c l e  q&ld 
later on be passed over t o  subsequent l aye r s  of l i qu id .  
The model is as shown i n  Fig. (12). Conservation of momentum 
gives  us  
= + mv - Mul . (V-5-1) - m v + Muo 
To take i n t o  e f f e c t  the  i n e l a s t i c i t y  of c o l l i s i o n ,  a f a c t o r  rl 
1 0 
is defined as follows 
t o t a l  k i n e t i c  energy a f t e r  t he  c o l l i s i o n  
t o t a l  k i n e t i c  energy before the  c o l l i s i o n  
2 2 1 /2  mvl + 1 / 2  Mul 
2 2 1 /2  mvo + 1 /2  Muo + E 
( v - 5 2 )  
The Equations (V-5-1) and (V-3-2) are solved f o r  u1 and v t o  1 
obta in  
2 
V 
(vO 
+ v0)*+ ( 1  + p) [2nE/M - (1 - r l ) ( f+  u: 1 
u1 - 1 + P  
(V-5-3.) 
I 
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Applying the  c r i t e r i o n  of trapping t o  c a l c u l a t e  the  value of vo* f o r  a 
given u , w e  end up wi th  
0 
e 2 2E * * (vl + ul) - - ( 1  + p)  M 
2 E  
M = - ( 1  + 1.I) 
2 
O* 
07-5-5) 
(V- 5 -6) 
(v-5-7) 
(V-5 -8) 
from where vo* can be calculated.  
V-6. Calculat ion of u -- 
Numerical i n t e g r a t i o n  i n  Equation (V-4-6) i a  performed t o  :ca lcu la te  
t h e  value of U. p is chosen as a parameter, and curves are p l o t t e d  f o r  
u vs s a t u r a t i o n  pressure  corresponding t o  var ious temperatures. To 
c a l c u l a t e  t he  value of vo*, rl is requi red  and t h a t  was ca l cu la t ed  from 
t h e  boundary condi t ion t h a t  0 = 1 a t  P - 0.004 atmosphere which both 
t h e  experiments and e x i s t i n g  theor ies  prove. 
For each value of 1.1 t h e r e  ex i s t s  a value of r7 t o  match u = 1 a t  
i s  used f o r  f u r t h e r  u P = 0.004 atmosphere, and t h i s  s e t  of 1.1 and rl 
c a l cu la t ions  a t  h igher  temperatures and pressures .  
as p l o t t e d  i n  Fig. (14). 
The r e s u l t s  are 
. 
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V-7.  Checking of Assumption JJ < 1 
It is  proposed t o  check the assumption whether t o  assume t h a t  
p < 1 is reasonable o r  no t .  
l i q u i d  su r face  and the  fo rce  of a t t r a c t i o n  comes i n t o  p lay ,  i t  
a c t u a l l y  is  having i n t e r a c t i o n  with many l i q u i d  molecules. The 
a t t r a c t i o n  fo rces  are long-range forces ,  and repuls ion forceg are 
short-range forces .  
su r f ace ,  the  whole su r face  could look l i k e  a sea with r i p p l e s  because 
of var ious modes of v ib ra t ion  of ind iv idua l  molecules, and these  
could present  an o v e r a l l  averaged e f f e c t .  As the  vapor molecule 
comes nearer ,  however, t he  number of l i q u i d  molecules a f f e c t i n g  the  
vapor molecule's acce le ra t ion  reduces because the  one nea res t  w i l l  
have more e f f e c t  than the  ones far away. 
As t he  vapor molecule approaches the  
To a vapor molecule coming towards t h e  l i q u i d  
The a c t u a l  d e t a i l e d  surface condi t ion could a f f e c t  t h e  na ture  
of c o l l i s i o n s ,  bu t  i t  is a very complicated mechanism by which the  
c o l l i s i o n  occurs. More so because the  process of a t t r a c t i o n  which 
occurs  is long range, whereas the repuls ion process is  s h o r t  range 
and more l i k e l y  t o  be  influenced t h e  most by the  one l i q u i d  molecule 
wi th  which t h e  c o l l i s i o n  takes  place. 
The c r i t e r i o n  t o  cheok the assumption of p < 1 is whether t he  
t i m e  of c o l l i s i o n  is  s h o r t  compared t o  t h a t  taken by the  sound wave 
t o  t ransmit  t h e  energy t o  the molecules more deeply i n t o  the  sur face ,  
because the  minimum t i m e  taken t o  t r a v e l  any d is tance  by a wave is 
t h a t  taken by sound wave, and the number of intermolecular  spacings 
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t h a t  the  sound wave could t r ave l  i n  the  dura t ion  of c o l l i s i o n  w i l l  
determine the  m a x i m u m  number of l i q u i d  molecules a f fec ted .  
I n  the  k i n e t i c  model presented, we have assumed t h e  l i q u i d  
p a r t i c l e s  to be ac t ing  as an aggregate of s i n g l e  molecules a c t i n g  
toge ther ,  and t h i s  type of check w i l l  g ive  ua an upper l i m i t  on the  
number of s i n g l e  molecules tha t  could be assumed t o  be tak ing  p a r t  
i n  t he  c o l l i s i o n  with one vapor molecule. 
Suppose is the  dens i ty  of t he  l i q u i d  and a is t he  la t t ice  
spacing (Fig. (15)b. Then (ca lcu la t ion  has  been made f o r  sodium): 
P= 3 %a 
a 
(V- 7-1) 
where 
I 
%a = mass of sodium molecule 
a3 2 volume/molecule in the l a t t i c e  
1/ 3 
] = 3.8 x cm , 0 %a 'I3 23 -a=F = [  6.02 x x 46 x 0.016 
Suppose R x i s  t he  r ad ius  of in f luence  which the  sound wave t r a v e l s  
during the  period i n  which the  c o l l i s i o n  takes  place;  
,', RII CT (V-7-2) 
where C =speed of sound i n  the  l i q u i d  and 'I is the  t i m e  of c o l l i s i o n .  
(V- 8-2) 
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where v 
and A ie t h e ,  same c h a r a c t e r i s t i c  length t o  determine the  c o l l i s i o n  
t i m e ,  Since not much can be said about t he  exac t  value of 8 ,  i t  is 
assumed t h a t  A 2  a, the  l a t t i c e  dimension. 
is t he  n e t  r e l a t i v e  ve loc i ty  between the  c o l l i d i n g  p a r t i c l e s  rb 
Combining Equations (V-3-2) and (V-7-3) , w e  g e t  
I n  Equation ( V - , 7 - 4 ) ,  vrb 
t i o n  of temperature. 
depends on temperature, and so R is a func- 
The number of molecules influenced are t h e  ones wi th in  t h i s  rad ius  
of inf luence;  therefore ,  t he  expression for t he  number of inf luenced 
molecule a can be wr i t t en  as 
27r 3 3  2 7 r i  c 3 n %T R I / a  = - 3 [a ( 7 1 1  
rb 
(V-7-5) 
where v is the  r e l a t i v e  ve loc i ty  before  c o l l i s i o n .  For an elastic 
c o l l i s i o n ,  i .e.,  q = 1, the r e l a t i v e  ve loc i ty  before  and a f t e r  the  
c o l l i s i o n  w i l l  be t h e  same, 
rb 
Using Equation (V-5-.4) and ( V - 5 - 5 )  , w e  have 
c 
2 2E + vo) + ( 1  + p) M . 
Calcula t ing  a t  T - 1500 OR, we have 
(V- 7-6)  
v 9000 f t / s e c .  rb  
(V-7 -7) 
1; ' C  * -  
rb  V 
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therefore ,  s u b s t i t u t i n g  t h i s  value of C/vrb i n  Equation (V-7-5),  w e  
see t h a t  
This is a simple order  of magnitude ana lys i s ,  and de ta i l ed  molecular 
i n t e r a c t i o n s  have not  been taken i n t o  account. Not much can be s a i d  
about a,  and the  vague of n obtained above does not e s t a b l i s h  whether 
t h e  assumption p < 1 is reasonable or not .  
It is recommended t o  make then a d e t a i l e d  ana lys i s  of c o l l i s i o n  
mechanism t o  check the assumption and thereby improve the  k i n e t i c  
model accordingly,  incorporating these  r e s u l t s .  
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V I .  CONCLUSIONS 
I n  the  present  inves t iga t ion ,  it was found t h a t  t he  evaporat ion 
o r  condensation c o e f f i c i e n t  u measured during the  s teady-s ta te  evapora- 
t i o n  experiment is higher  than t h a t  reported previously i n  condensa- 
t i o n  experiments. 
could cause the  va lue  of u t o  decrease. 
t i o n  (Adt ('I) and the  presence of non-condensable gases (Kroger 
r e s u l t e d  i n  lower values  of 6. This suggests  t h a t  t he  contamination 
i n  the  evaporation experiment was maintained a t  a lower level than 
t h a t  a t t a i n e d  during the  condensation experiments. 
It was a l s o  found t h a t  impur i t ies  i n  the  l i q u i d  
S imi la r ly  su r face  contamina- 
(5)) 
The r e s u l t s  a l s o  suggest t ha t  u measured during evaporation may 
n o t  decrease with increas ing  values of s a t u r a t i o n  predsures corres-  
ponding t o  i n t e r f a c e  temperature. However, t he re  is a l s o  a p o s s i b i l i t y  
of u decreasing with increasing pressures ,  a t  a rate much smaller than 
t h a t  suggested by condensation data .  The p l o t s  of u versus s a t u r a t i o n  
pressure ,  obtained from the  k i n e t i c  theory model i n  Sect ion V ,  lends 
support  t o  t h i s  p o s s i b i l i t y .  
The average values  of t ranspor t  c o e f f i c i e n t  U was measured 
t o  be 0.36. 
ha l f  maxwellian. Comparing h is  equat ion f o r  rate of phase change, 
(1-3-51, with t h a t  obtained by Bornhorst(8), (1-4-l) , we f i n d  t h a t  
' for  h i e  ve loc i ty  d i s t r i b u t i o n  to  be exac t ,  U has t o  be equal  t o  uni ty .  
Since the  value of U measured from the  experiment is  d i f f e r e n t  from 
un i ty ,  it suggests t h a t  a c t u a l  inc ident  ve loc i ty  d i s t r i b u t i o n  may be 
a d i s t o r t e d  ha l f  maxwellian, 
Schrage(6) assumed inc ident  ve loc i ty  d i s t r i b u t i o n  t o  be 
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V I 1  . RECOMMENDATIONS 
The evaporation da ta  obtained so f a r  is i n s u f f i c i e n t  t o  lead  t o  
any f i rm conclusion regarding the behaviour of evaporation o r  condensa- 
t i o n  c o e f f i c i e n t  0, a t  higher  values of i n t e r f a c e  temperature. Both 
p o s s i b i l i t i e s  of 0 remaining constant o r  decreasing with increas ing  
values  of i n t e r f a c e  temperature are s t i l l  open. 
mended t o  carry out  s teady-state  evaporation a t  higher  va lues  of i n t e r -  
f a c e  temperatures t o  a s c e r t a i n  the  behaviour of Q a t  increas ing  i n t e r -  
f ace  temperatures. 
It is  thus recom- 
The t r anspor t  c o e f f i c i e n t  U should be pred ic ted  from a theo re t i -  
This would g ive  a bas i s  cal ana lys i s  employing Boltzmann's equation. 
to  compare the  experimental  resu l t s .  
(Reference (9 ) )  employing an equilibrium d i s t r i b u t i o n  and a correc- 
t i o n  he rm could thus be avoided. 
The method of descr ib ing  k i n e t i c s  
The k i n e t i c  model should be  checked f o r  the  assumption u < 1 taking 
i n t o  account the  binding intermolecular  forces  i n  g r e a t e r  d e t a i l ,  and 
t h e  k i n e t i c  model should be improved accordingly.  
-45- 
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APPENDIX A - CONSIDERATION OF EXPERIMENTAL ERRORS 
A-1. Uncertainty I n t e r v a l s  
The method suggested by Kline and McClintock (22) is used to  
present  t he  unce r t a in t i e s  incurred i n  the  experiment. These uncer- 
tainties are an i nd ica t ion  of the  r e l i a b i l i t y  of the  r e s u l t s  
obtained. The uncertainty i n t e r v a l  w f o r  a quant i ty  X ( v 3 i s  com- 
X 
putsd from 
ax 2 
where the  sum is over t h e  quant- t ies  vi upon x A c h  the  r e s u l t  X 
depends, and wv 
of w, 
The r e s u l t s  thus obtained fndica te  the  c r e d i b i l i t y  of t h i s  judgment. 
is the  estimated e r r o r  i n  quant i ty  v 
used are l e f t  up t o  the r a t i o n a l  judgment of the  observer.  
The values  i' i 
i 
A-2. Important Errore i n  U 
From the  expression f o r  U (Equation (11-3-6)), i t  is found t h a t  
the  major s o m c e s  of e r r o r  a re  cont r ibu ted  by the  e r r o r s  in t he  vapor 
temperature'T and the  l i q u i d  i n t e r f a c e  temperature T f i '  The e r r o r  
i n  Tfi  is mainly due t o  e r ro r s  i n  TNI and h 
th ree  major sources  of error in  (A-1), w e  ob ta in  
8 
Subs t i t u t ing  these  
Hg 
(A-2) 
-48- 
I n  terms of the  symbols used i n  Table 11, Equation (A-2) can 
be wr i t t en  as 
TPEU = wu/U (A-3) 
o r  
The e r r o r  i n  t h e  vapor temperature is estimatcc from the  d i f f e r -  
ences i n  the  temperatures measured by the  thermocouples i n  the  vapor 
and is found t o  be f 0.2 - 0.3 OF. 
The e r r o r  i n  TNI is estimated t o  be t h e  d i f f e rence  i n  the  va lues  
of TNI computed from four  and five po in t  least square,  s t r a i g h t  l i n e s  
drawn through the  temperatures measured i n  the  n i cke l  block. Both 
the  e r r o r s  i n  TNx and T 
thermocouple c a l i b r a t i o n  which is - 0.2 OF. 
+ depth is taken t o  be - 0.0015" f o r  a l l  the  data.  
are found t o  be c lose  t o  t h a t  found i n  the  
The e r r o r  i n  the  l i q u i d  
g i  + 
A-3. Important Errors  i n  U 
6T 
2T I n  t h e  experiment, the term - is  found t o  be very small com- 
pared t o  @-, and so the  Equation (11-3-6) can be r ewr i t t en  as P 
(A-5) 
Taking i n t o  account t h e  important sources of e r r o r  i n  a ,  which 
are expected t o  be the  e r r o r s  in  Pg, TNL, and h , w e  obta in  
Hg 
-49- 
(A-6) 
is the  s lope  of the s a t u r a t i o n  pressure-temperature curve where - apS 
aTf i 
of mercury. I n  tenus of symbols used i n  Table 11, Equation (A-6) 
becomes 
% 
TPEa = - 
Q (A-7) 
o r  
The error i n  the  system pressure P is taken t o  be 0.02 inch  
g 
of water. 
The least count of t h e  ve rn ie r  s c a l e  is  0.01 inch. 
This accounts f o r  t h e  e r r o r  i n  reading t h e  manometer. 
A-4. Addit ional  Er rors  
Besides the  e r r o r s  s t a t e d  above, t he re  are many o t h e r  sources  
of e r r o r  which are expected t o  be small. The e r r o r s  due t o  i n c o r r e c t  
values  of material p rope r t i e s  are  expected t o  be small compared t o  
q u a n t i t i e s  measured. The sa tu ra t ion  pressure-temperature da t a  are 
accura te  up t o  22(13). 
non-linear temperature p r o f i l e  i n  the  l i q u i d  layer .  
There is a p o s s i b i l i t y  of an e r r o r  due to  a 
The tests were 
run at d i f f e r e n t  combinations of l i q u i d  depth and temperature gradi-  
entg,and the  rapge of Grashoff number was noted t o  be q u i t e  wide; 
however, no sys temat ic  e r r o r  was detected.  
-50- 
The e r r o r  due t o  thermal contact r e s i s t ance  a t  mercury-nickel 
i n t e r f a c e  should be neg l ig ib l e  fo r  a c lean  wetted surface.  But any 
such e r r o r  w i l l  cause l i q u i d  in t e r f ace  temperature T 
corresponding s a t u r a t i o n  pressure, Ps(Tfi) t o  be lower than tha t  used 
i n  the  present  ca lcu la t ion .  
both 6T and 6P thereby y ie ld ing  smaller values  of U and l a r g e r  values  
and hence f i  
This would r e s u l t  in lower values  of 
of u. 
The e r r o r  i n  t h e  manometer re ference  pressure is estimated from 
t h e  reading of a vacuum thermocouple gage t o  be 0.01 inch of water 
and is included i n  the  upper bound on u i n  Fig. (10). 
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APPENDIX B - EVALUATION OF INTEGRAL APPEARING I N  EQUATION ( V - 4 - 5 )  
I n  t h i s  appendix t h e  paz t  of t he  i n t e g r a l  used i n  Equation ( V - 4 - 5 )  
has  been evaluated 
-mvo/ 2 2KT 
dvO 
I = 1 V O* bo + vo) [&*e 
-U 
0 
2 -mvo/2uT 2 -mvo/ 2 K  T - -U / o u  0 j z e  dvo + -U 10 vo {%'e dvO 
0 0 
-mvo/ 2 2KT -mvo 2 /2KT V 
V dvo -t lo* Vo d&'* e dvo 
0 0 
= Il + I2 + I3 + I4 
where 
2 
-mV0 / 2 KT 
11= ~u 0 { s e e  dvo 
-U 
0 
-mv0/ 2 2UT 
U 
- +  10 u Jz'* e dvo 
0 
0 
2 -mvo/ 2KT 
= 2 =  1-25 -U j o v  0 @ d"0 
0 
2 -mvo/2KT 
2auT 0 avo 
-52- 
n 
V - m v o / k T  2 - /"* v 0 jz** e dvo . 
0 
I4 
In a l l  these integrals ,  only vo is  the variable. 
2 u -mvo/ 2KT 
I1 - /O u 0 J s ' e  dvo 
0 
Y m  
\ I- 
2 -mvo/ 2KT 
dvO 
0 
2 -muo / 2K T - - Jz - e 11 
n 
-53- 
2 -mvo / 2tcT 
dvo 
0 
0 
I4 = 
U 
O* 
U 
A v = -  
O* 1 -  
I + I2 '+ Ig + I4 1 
T o  calculate 
i n  the value of I 
the value of N,, for a giken u 
above 
w e  substitute v 
0' O* 
- 00 
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Substituting these values bf  I and N In the Eq,t#ation 1 ,  
w e  end up with 
u =  
r" 3 . 
0 
(V-4-5), 
A 2  : 
h A -V 
42 4 2  
e 
A2 EI;! 
{[e-uo - e '*I +F u 0 (erf vo* + erf Go) dc0 
0 
r"u" 0 e $-uo + bo 6 (erf to + 1) d i 0  
0 
-55- 
TABLE NO, 1 
Tee t No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Pe atm. 
0.01295 
0.0127 
0,0150 
0.0162 
0.0183 
0 e 0192 
0.0176 
0.0223 
0.0219 
0.0413 
0.0262 
0.0280 
- BPIP 
0.14018 
0.10796 
0.044 
0.041 
0.031 
0,0313 
0.0424 
0.0256 
0.0269 
0,0257 
0.0259 
0 , 0255 
- 6T/T 
0,00513 
0.0069 
0.00246 
0.00181 
0.0015 
0.0025 
0.0024 
0,00129 
0.00154 
0,00181 
0.00124 
0.00140 
U 2 hHg in. Ji lbmlft hr u 
0.016 146.5 0.32 0.76 
0.019 146.5 0.41 0.72 
0.025 194.7 0.82 0.32 
0.015 194.1 0.81 0.26 
0.020 140.1 0.75 0.33 
0,017 206.0 0.90 0.41 
0.025 206.0 0.79 0.37 
0.013 142.6 0.75 0.34 
0.019 140.1 0.73 0,40 
0.023 140.2 0.76 O . k f  
0.026 158.0 0.72 0.34 
0.70 0.41 0.015 158.6 
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TABLE NO. 2 
* 
% Errors i n  U and u 
Test No. PEUTG 
1 5 
2 7 
3 15 
4 13 
5 24 
6 9 
7 14 
8 27 
9 15 
10 19 
11 28 
12 12 
PEUTN 
.3 
1 
5 
7 
2 
11 
13 
4 
7 
8 
3 
7 
PEUHHG 
9 
10 
25 
33 
29 
24 
25 
33 
27 
23 
37 
33 
TP EU 
10 
12 
29 
36 
38 
28 
32 
43 
32 
31 
47 
39 
PEUPG 
2 
3 
5 
4 
5 
5 
4 
5 
5 
6 
5 
5 
PEUTN 
.14 
.4 
2 
3 
0.1 
9 
7 
2 
4 
5 
2 
7 
* 
Refer t o  Appendix A f o r  Error Analysis 
PEUTG = % e r r o r  i n  U due to er ror  i n  measuring T . 
g 
N I  PEUTN = % e r r o r  i n  U due t o  e r ro r  i n  measuring T 
PEUHHG = % e r r o r  i n  U due t o  e r ror  i n  measuring h . 
TPEU = total % e r r o r  i n  U. 
PEuPG = % e r r o r  i n  U due t o  e r r o r  i n  measuring P . 
g 
KI PEuTN = % e r r o r  i n  U due to er ror  i n  measuring T 
PEuHHG = % e r r o r  i n  U due to er ror  i n  measuring h 
TPEu = total % e r r o r  i n  U. 
Hg 
Hg 
PEUHHG 
4 
6 
13 
13 
13 
18 
13 
15 
14 
15 
15 
17 
TPEU 
5 
7 
14 
14 
14 
21 
16 
16 
16 
17 
16 
19 
. 
Test No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
urnax 
0.34 
0.43 
0.93 
0.93 
0.85 
1.07 
0.91 
0.88 
0.85 
0.90 
0.85 
0.84 
U 
0.32 
0.41 
0.82 
0.81 
0.75 
0.90 
0.79 
0.75 
0.73 
0.76 
0.72 
0.70 
maximum iralue of u ‘max 
U mean value of u 
minimum value of 0 ‘min 
U minimum value of U m a x  
U mean value qf U 
‘min minimum value of U 
-57- 
* 
TABLE NO. 3 
‘min 
0.30 
0.38 
0.71 
0.69 
0.64 
0.73 
0.66 
0.62 
0.60 
0.63 
0.58 
0.56 
urnax 
0.84 
0.80 
0.42 
0.35 
0.45 
0.62 
0.48 
0.49 
0.52 
0.61 
0.51 
0.58 
U 
0.76 
0.72 
0.32 
0.26 
0.33 
0.41 
0.37 
0.34 
0.40 
0.47 
0.34 
0.41 
‘min 
0.68 
0.63 
0.23 
0.16 
0.20 
0.28 
0.24 
0.19 
0.27 
0.32 
0.18 
0.15 
Cbld 
Wall 
-58- 
Vapor 
Pressure 
Figure 1 - Nusselt Model of Condensation 
. 
-59- 
Liquid  
I 
Interface 
Control Surface Vapor 
t / ” i Z  Half maxwellian 1 
plus bulk flow I veloc i ty  V 
a t  T P I g’ g 
Incident 4 
I 
I 
* J13 Emitted I L 
Reflected , 1 - J i 4  
Bulk Flow 
T d pg 
Jil 
I 
I 
I 
-7 
I 
I 
-7 Ji = pv 
I Bulk Velocity V 
- I 
YI I 
1 
I I 
I 1 
1 I 
(1 - a) Incident Flu 
1 
Paths Jb-- 
Figure 2 - Schrage’e Kinetic Model of Phase Change 
-60- 
Co Id  Wall 
T" 
Condensate Film 
-c Bulk Flow Vapor 
I 
6T Saturation Pressure P(T-1 
- Nonequilibrium Region 
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